A hyperthermophilic cellulase derived from Pyrococcus horikoshii was successfully produced with the Bacillus brevis host-vector system. The production of the recombinant enzyme was increased about 20-fold (to a level of 100 mg per liter) by the insertion of certain amino acid such as alanine and peptides like AEEAADP between the carboxyl end of signal peptide and the Nterminus of the mature cellulase. These recombinant cellulases had the same characteristics as that of the cellulase expressed in Escherichia coli.
Since cellulase is a catalyst for the first step of degradation of cellulose, it is known as the key enzyme for utilization of biomass. 2, 3) Among cellulases, hyperthermophilic cellulase is expected to be particularly useful in combination with other thermotolerant endoglucanases and exoglucanases for the efficient conversion of insoluble cellulose into glucose. Recently, characterization of -1,4-endoglucanase (family 5 cellulase) derived from Pyrococcus horikoshii was reported. 4) This cellulase (EGPh) produced in E. coli has characteristics of its optimum temperature (>97 C), excellent stability, and a considerable ability to digest crystalline cellulose. Since efficient production of the hyperthermophilic cellulase was not reported, development of a high-level production system was thought essential for industrial application of this enzyme.
The host-vector system with Bacillus brevis (reclassified name: species belonging to the genus Brevibacillus) as a host has been useful for efficient extracellular production of many heterologous proteins including prokaryotic, 5) and eukaryotic proteins. [6] [7] [8] However, application of this system for hyperthermophilic proteins is limited only to nuclease and protease (oral presentations). Therefore, we explored the possibility of efficient secretory production of the hyperthermophilic cellulase (Cel). Here we show that its efficient production is possible only after the modification of the N-terminal region of the mature Cel.
B. brevis HPD31 as host was manipulated as described previously. 9, 10) The DNA fragment encoding the cellulase, termed Celdc, from P. horikoshii lacking the N-terminal 28 amino acids (coding a putative signal peptide) and C-terminal 42 amino acids (unknown function) was amplified by PCR using PH1171 DNA 4) as a template. The synthetic oligonucleotides: 5 0 -CATGCCATGGCTTTCGCTGAAAATACAACATAT-CAAACACCGA-3 0 , as forward primer and 5 0 -GCTCT-AGATCAAGAACTTTTGGAACAACTAT-3 0 , as backward primer were used. The PCR product was digested with NcoI and XbaI, and then inserted between the NcoI and XbaI sites in a B. brevis expression-secretion vector, pNU226. The pNU226 plasmid was prepared from the BspHI, HindIII digest of pNU212, 11) to which the small fragment of pNH326 12) digested with BspHI, HindIII was inserted. Thus, it has the promoter, translation initiation regions, and a modified signal peptide (SP) 11) of the middle wall protein (MWP) gene of B. brevis 47.
9)
B. brevis HPD31 harboring the pNU226 containing Celdc gene did not produce Cel in significant amounts in the culture medium. Not only SP but also N-terminal amino acid sequence of the mature protein are known to play important roles for the efficiency of protein secretion, 13) but a little alteration of the N-terminal region of secreted hydrolase such as amylase does not have any effect on the properties of the enzyme. Therefore, we constructed various plasmids in which the polynucleotides encoding various amino acids or peptide were inserted between those coding for the Cterminus of SP and the N-terminus of Celdc (at the cleavage site of SP) in pNU226 to increase the secretion efficiency (Fig. 1) .
Oligonucleotides complementary to the NcoI site and its downstream region of the sequence encoding SP of the MWP gene 9) that contained an additional amino acid y To whom correspondence should be addressed. Current address: 1-24-3 Uesono, Meito, Nagoya 465-0077, Japan; Tel/Fax: +81-52-782-1537; E-mail: cbw44120@pop21.odn.ne.jp such as alanine, valine and a dipeptide, Asp-Pro (DP), at the cleavage site was used as forward primer. The backward primer contained the XbaI site from the translation termination site and its upstream sequence. The insertion of the peptide at the SP cleavage site was done as follows. The DNA encoding Celdc was inserted between BamHI and XbaI sites of pNU226 (pNU226-Celdc). Then, complementary oligonucleotides coding each peptide with the NcoI site at SP side and the BamHI site at Cel side were inserted between the NcoI and BamHI sites of pNU226-Celdc. Figure 2 shows the activities of carboxymethyl cellulose hydrolase (CMCase) produced in the culture medium by B. brevis harboring various plasmids. Surprisingly, the insertion of only one amino acid such as alanine and valine at the cleavage site dramatically increased Cel production about 20-fold compared to that without amino acid insert. Furthermore, the insertion of the peptide AEEAADP containing 5 amino acids of the N-terminal segment of MWP also showed a marked effect on the Cel production. However, the insertion of a longer N-terminal segment of MWP, AEEAATT-TAPKDP, abolished such power of AEEAADP. The insertion of other amino acids and peptides gave a large effect, but mostly less than a 7-fold increase for Cel production (Fig. 2) . The N-terminal amino acid sequences of the products from B. brevis with pNU226-AEEAADP-Celdc and pNU226-A-Celdc, the inserts of which were the peptide, AEEAADP, and alanine, respectively, at the cleavage site, were chemically determined as AEEAA and AENTT, respectively. Since the N-terminal sequence of the mature Cel is ENTTYQ, the result suggests that the cleavage site is determined primarily by the signal sequence, but not by the structure of the N-terminus of the secreted protein. Many secreted proteins have alanine in their N-terminus. 14) Therefore, the addition of alanine to the N-terminus of the mature protein seems to increase the productivity by increasing the N-terminal affinity toward the signal peptidase in B. brevis. We were not able to predicate any apparent relationship between the kind of inserted amino acid or peptide and the secretion efficiency of Cel as far as we tested. The production yield of the recombinant cellulase was approximately 100 mg/l of the medium. This value is about 300-fold higher than that of the Cel produced in E. coli.
4)
We purified Celdc produced in B. brevis to homogeneity as reported previously 4) and characterized them. The specific activities toward CMC of Celdc, A-Celdc, and AEEAADP-Celdc, were about the same as 8.5 U/ mg of EGPh.
4) The optimum pH (5:5 $ 6:0), optimum temperature (>98 C) of the two cellulases were the same as those of EGPh produced in E. coli (data not shown). The CD-spectra of A-Celdc, AEEAADP-Celdc (both produced in B. brevis) and Celdc produced in E. Only the nucleotide and amino acid sequences around the inserted amino acid or peptide of the pNU226 containing Celdc are shown. Arrow indicates the site of signal peptide cleavage. Shaded bar shows where nucleotides encoding the amino acid or peptide was inserted. C for 30 min and centrifugation, the CMCase activity of the culture supernatants was measured as described previously. 4) One unit (U) is defined as the amount of enzyme producing reducing power equivalent to 1 mg of glucose per min from CMC. The results shown are the average value of at least two experiments. Amino acid residue(s) were inserted at the SP cleavage site of pNU226-Celdc as follows. 1, none; 2, A (gca); 3, V (gta); 4, N (aat); 5, D (gat); 6, T (act); 7, DP (gat-cca); 8, AEDP (gcagaa-gat-cca); 9, AAAEEDP (gca-gca-gct-gaa-gaa-gat-cca); 10, AEAAADP (gca-gaa-gca-gca-gca-gat-cca); 11, NSDSEDP (aacagt-gat-agt-gaa-gat-cca); 12, AEEAADP (gca-gaa-gaa-gca-gca-gatcca); 13, AEEAATTTAPKDP (gca-gaa-gaa-gca-gca-act-act-acagct-cca-aag-gat-cca).
coli, (Kashima and Ishikawa, unpublished result) showed the same profiles at the temperature (25-95 C) examined (data not shown). These results indicated that the secretory production of the Cel with the addition of amino acid or peptide at its N-terminus does not influence the conformation and activity of the protein.
Although a high-level production of hyperthermophilic cellulase became possible for the first time, the production efficiency is probably not high enough for practical industrial applications. The work to increase the Cel yield further is in progress.
